Cryptococcus neoformans is a facultative intracellular fungal pathogen that has a polysaccharide capsule and causes life-threatening meningoencephalitis. Its capsule, as well as its ability to survive in the acidic environment of the phagolysosome, contributes to the pathogen's resilience in the host environment. Previously, we reported that downregulation of allergen 1 (ALL1) results in the secretion of a shorter, more viscous exopolysaccharide with less branching and structural complexity, as well as altered iron homeostasis. Now, we report on a homologous coregulated gene, allergen 2 (ALL2). ALL2's function was characterized by generating null mutants in C. neoformans. In contrast to ALL1, loss of ALL2 attenuated virulence in the pulmonary infection model. The all2⌬ mutant shed a less viscous exopolysaccharide and exhibited higher sensitivity to hydrogen peroxide than the wild type, and as a result, the all2⌬ mutant was more resistant to macrophage-mediated killing. Transcriptome analysis further supported the distinct function of these two genes. Unlike ALL1's involvement in iron homeostasis, we now present data on ALL2's unique function in maintaining intracellular pH in low-pH conditions. Thus, our data highlight that C. neoformans, a human-pathogenic basidiomycete, has evolved a unique set of virulence-associated genes that contributes to its resilience in the human niche.
C
ryptococcus neoformans is a major fungal pathogen that causes disease predominantly in patients with AIDS but also in patients with other immune deficiencies. The most common clinical presentation of cryptococcal disease is chronic meningoencephalitis (CME). Worldwide, approximately 1 million new cases of cryptococcal meningitis occur every year, resulting in more than 600,000 deaths (1) . Despite advances made in antifungal treatment, intracranial pressure management, and antiretroviral therapy, there is a major challenge to rapidly clear C. neoformans from cerebral spinal fluid (CSF), which is required to achieve a good outcome (2) . The pathogen has various highly regulated virulence traits, including capsule, melanin formation, growth at 37°C, and extracellular enzymes (3) . Differential gene regulation of these virulence traits can promote microevolution in vivo, which may facilitate evasion of the host immune response. One process by which microevolution can be achieved is phenotypic switching, which generates variants with augmented virulence that also alter host-pathogen interactions (4, 5) .
In our previous studies, we documented that RC2, a serotype D C. neoformans clinical strain that is also a standard laboratory strain (6) , undergoes phenotypic switching from a smooth to mucoid colony morphology and is associated with downregulation of a defined set of genes, including allergen 1 (ALL1) (7) . Loss of ALL1 function resulted in a hypervirulent phenotype in both serotype A-and D-null mutants (all1⌬). Furthermore, it was shown that ALL1 is regulated during capsule induction (8) and by the transcription factor Sp1 and the PKC1 gene under glucose starvation (9) , as well as by CIR1 in response to changes in iron concentration (10) . Under starvation, VAD1 downregulates ALL1 transcripts via degradation of mRNA (11) . Although the precise function of ALL1 is not known, its expression indirectly affects polysaccharide conformation and iron homeostasis (12) . Thus, intracisternal infection with the all1⌬ mutant results in augmented intracerebral pressure and premature death in infected rats (7) . Extensive homology search for ALL1 revealed a highly homologous uncharacterized cryptococcal gene, CNM02200 (JEC21), which was subsequently named ALL2. Similarly to ALL1, ALL2 is also regulated by Sp1 and PKC1 under glucose starvation and during capsule induction (9) .
In the present study, we sought to characterize the function of this gene and generated a null mutant of ALL2 (all2⌬) and a double mutant of ALL1 and ALL2 (all1⌬ all2⌬). Results obtained imply that these homologous genes differ in their contribution to virulence and associated function. In contrast to the loss of ALL1, the loss of ALL2 attenuates virulence, and the mutants shed more of a less viscous exopolysaccharide (exo-PS). Microarray analysis supports distinct functions for these homologous genes and indicates that, unlike ALL1, the gene ALL2 is involved in maintaining intracellular pH.
MATERIALS AND METHODS
Yeast strains and media. The C. neoformans strains used in this study are listed in Table S1 in the supplemental material. C. neoformans strains were cultured at 37°C in YNB broth (0.67% yeast nitrogen base without amino acids plus 2% glucose) or grown on YPD broth/agar (20 g/liter glucose, 10 g/liter yeast extract, 20 g/liter peptone [for YPD agar, 20 g/liter agar was added]), unless otherwise stated. For glucose starvation studies, YNB broth supplemented with 0.2% glucose, no glucose, or asparagine salt medium (1 g/liter asparagine, 10 mM sodium phosphate [pH 6.5], and 0.25 g/liter MgSO 4 ) was used. For screening mutants, YPD supplemented with 100 mg/liter nourseothricin (NAT) or 200 mg/liter neomycin G418 (NEO) was used. RNA for microarray analysis was isolated from C. neoformans cells grown in minimal medium (10 mM magnesium sulfate, 29.3 mM potassium phosphate monobasic, 13 mM glycine, and 3 M thiamine-HCl; adjusted to pH 5.5 and supplemented with 15 mM glucose as the carbon source). Other relevant media are specified below.
Strain construction. The C. neoformans serotype A and D reference sequences were accessed originally through TIGR (now available at the NCBI) and the Fungal Genome Initiative database at the Broad Institute (http://www.broadinstitute.org/annotation/genome/cryptococcus _neoformans/MultiHome.html).
Generation of all2⌬, all2⌬؉P ACT1 -ALL2, and all1⌬ all2⌬ mutants. The ALL2 gene is 1,549 bp long, has four introns, and encodes a putative protein with a molecular mass of 25 kDa. In strain JEC21, ALL2 (CNM02200) is located on chromosome 13. To generate the all2⌬ mutant, the coding region of ALL2 (RC2, 926 bp) was replaced with a neomycin resistance marker by homologous recombination as described previously (7) . Primers used to generate mutants are listed in Table S2 in the supplemental material. Homologous recombination was confirmed by PCR, Southern blot analysis, and real-time PCR of ALL2 transcripts. For ALL2 complementation, the ACT1 promoter and the ALL2 open reading frame (ORF) were amplified from genomic DNA of RC2 and fused in frame using the NdeI restriction site. ACT1 and ALL2 fragments were cloned in pJAF13 using XbaI and XhoI cloning sites to generate plasmid pJAF13/P ACT1 -ALL2. The plasmid pJAF13/P ACT1 -ALL2 was linearized by XhoI and introduced into the all2⌬ mutant by biolistic transformation. ALL2-positive clones (all2⌬ϩP ACT1 -ALL2) were selected on YPD agar with 100 mg/liter NAT. Gene complementation was confirmed by PCR, and the level of ALL2 expression was determined by reverse transcription-PCR (RT-PCR) of ALL2 transcripts. For generation of the all1⌬ all2⌬ double mutant, the ALL1 gene was replaced with the NAT resistance marker in RC2-all2⌬ by modifying the construct designed previously to disrupt ALL1 (7) . Positive clones were selected on YPD agar containing 100 mg/liter NAT and 200 mg/liter NEO. Homologous recombination was confirmed by PCR, Southern blot analysis, and determining the transcription level of ALL1 and ALL2 by RT-PCR.
Phenotypic characterization. Mutants were phenotypically characterized for (i) baseline and induced capsule size, (ii) growth rate in variable pH and Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 10% NCTC, 1% nonessential amino acids, 1% penicillinstreptomycin, or minimal medium (10 mM magnesium sulfate, 29.3 mM potassium phosphate monobasic, 13 mM glycine, 3 M thiamine-HCl; adjusted to pH 5.5 and supplemented with 15 mM glucose as the carbon source), (iii) in vitro stress sensitivity (1 M potassium chloride, lithium chloride [100 and 200 mM with glucose and galactose, respectively], 1 M sodium chloride), (iv) hydrogen peroxide sensitivity, (v) macrophage phagocytosis index, and (vi) macrophage-mediated killing assays as described previously (13) (14) (15) (16) . The intrinsic viscosity of exopolysaccharide and glucuronic acid residue content was determined as previously described (17, 18) . All measurements were done in triplicate.
Generation of ALL1::HA-tagged and ALL2:mCherry fusion protein strains. The ALL1::HA-tagged strain (where HA is hemagglutinin) was generated using the following strategy (19, 20) . The ALL1 gene was amplified under its own promoter from RC2 genomic DNA using primers ALL1-prom-F-XbaI and ALL1-HARev (see Table S2 in the supplemental material). The resulting fragment and pJAF1 were digested with XbaI and NcoI and ligated to generate the 5=ALL1-HA/pJAF1 construct. The 3= untranslated region (3=UTR) of the ALL1 gene was cloned in frame behind ALL1-HA using EcoRV and NcoI to generate 5=ALL1-HA/3=UTR/ pJAF1. Next, 1,000 bp downstream of ALL1 was cloned into ALL1-HA/ 3=UTR/pJAF1 using the restriction sites for BamHI and KpnI to generate 5=ALL1-HA/3=UTR/NEO/ALL1-3=pJAF1. The construct was restricted with XbaI and KpnI, yielding a linearized fragment of 5=ALL1-HA/ 3=UTR/NEO/ALL1-3=, which was biolistically delivered into RC2 using a standard procedure as described previously (7) . Homologous recombination was confirmed by PCR. ALL1::HA was detected by Western blot hybridization using rabbit anti-HA polyclonal antibody and a chemiluminescence kit (Pierce/Life Technologies) according to the manufacturer's instructions.
To generate ALL2-mCherry fusion protein in ALL1::HA strain for localization studies, plasmid YP164 (a generous gift from the Peter Williamson lab) was used to express a fusion between ALL2 and a synthetic mCherry protein (21) . ALL2 under ACT1 promoter was amplified from previously generated plasmid P ACT1 -ALL2/pJAF13 using primers All2For-NHEI and All2Rev-PST1 and inserted into the plasmid YP164 using standard cloning techniques to generate plasmid ALL2/mCherry/ YP142. Further, ALL2-mCherry was amplified from plasmid ALL2/ mCherry/YP142 using the primers P Act -XbaFor and mCherry rev-EcoRV, and ALL2-3=UTR was amplified from RC2-SM genomic DNA using the primers All2 3=UTR-For ECORV and All2 3=UTR-Rev XHOI. Both parts were cloned in frame in plasmid pJAF13 using standard cloning techniques. The plasmid ALL2/mCherry/3=UTR/pJAF13 was linearized and transformed in ALL1::HA cells using the standard biolistic transformation technique.
All1p and All2p localization in vivo. For localization studies, immunofluorescence was performed as described previously (20) with few modifications. Briefly, RC2 wild-type (RC2-wt) cells for All1p::HA and All2p-mCherry were cultured for 16 h in YNB up to an optical density at 600 nm of 0.4 to 0.5. Cells were harvested by centrifugation (5,000 rpm for 1 min), washed once with phosphate-buffered saline (PBS), suspended in 1 ml of 4% paraformaldehyde in PBS, and incubated for 30 min with rotation. The sample was then washed three times with PBS, suspended in 1 ml of lysis buffer (50 mM sodium citrate [pH 6.0], 1 M D-sorbitol, 35 mM ␤-mercaptoethanol) plus 40 mg/ml lysing enzyme (from Trichoderma harzianum), and incubated for 1 to 2 h at 37°C with occasional inversion. To monitor the protein mobility in variable growth phase, the cells were harvested at different time points during the experiment. After digestion, the cells were washed twice with heparan sulfate (HS) buffer (100 mM HEPES [pH 7.5], 1 M D-sorbitol) and suspended in 200 l of HS buffer. The washed cell pellet was incubated with HS buffer containing 1% Triton X-100 and incubated for 10 min; it was then washed three times with HS buffer and three times with PBS. Next, the cells were treated with blocking buffer (5% goat serum and 0.02% Triton X-100 in PBS) for 1 h, followed by a high-affinity rabbit anti-HA polyclonal antibody (1:250/1:500 in blocking buffer [BB] obtained from Roche Applied Science) at 4°C in a rotator. Samples were then washed six times with blocking buffer and stained with Alexa Fluor 594-goat anti-rabbit IgG (1 g/ml in BB) for 1 h in the dark. The cells were washed three times with BB and three times with PBS. Bright-field and fluorescence images were acquired as for the capsule staining assays described above.
Murine virulence studies. BALB/c mice (female, 6 to 8 weeks old) were obtained from the National Cancer Institute (Bethesda, MD). Mice (n ϭ 10 per group) were infected intratracheally (i.t.) with 5 ϫ 10 4 or intravenously (i.v.) with 10 6 of wild type (RC2) or respective mutant cells in PBS. Mouse health was monitored daily, and if moribund, the mice were sacrificed in accordance with Institutional Animal Care and Use Committee (IACUC) regulations at the Albert Einstein College of Medicine (AECOM). To determine CFU studies, infected mice were killed at day 7 or 14, and their lungs were excised. Half of the lung was plated for CFU, and the other half was fixed in 10% formalin for histological analysis. Lung tissues were stained with hematoxylin and eosin, as well as mucicarmine, by the Histopathology Core at AECOM and Stony Brook University. Survival curves were generated and analyzed using GraphPad Prism 6.0.
ALL2 expression in glucose starvation. RC2 cells were grown overnight in YNB supplemented with 2% glucose, diluted 1:50, and then again grown for 8 h in YNB supplemented with 2% glucose, 0.2% glucose, or no glucose. RNA transcript levels were measured by RT-PCR as previously described (7) in a 10-l reaction mixture containing SYBR green master mix (Applied Biosystems/Life Technologies) with the primers listed in Table S2 in the supplemental material. An RT-PCR analysis was performed with the appropriate controls, and the relative transcript levels were determined as described earlier (12) .
Microarray and GO enrichment analysis. RC2-wt and mutant cells were grown in minimal medium for 16 h at 37°C with agitation (150 rpm), diluted 1:100, and regrown for 16 h or up to an optical density of 0.6 to 0.7 with agitation (150 rpm) at 37°C. Experiments were performed in duplicates (minimal medium arrays). Total RNA was isolated, and the microarray was performed by the Genome Technology Access Center at Washington University in St. Louis. Microarray analysis and gene ontology (GO) enrichment analysis were performed by the facility as described previously (12) . Microarray results were further confirmed by performing RT-PCR on select genes as described above. A functional network was generated using Cryptonet (http://www.inetbio.org/cryptonet/).
Measurement of vacuolar pH. Intracellular pH (pH i ) of cells grown in YNB with variable glucose, as well as total pH, was measured using the pH-sensitive fluorophore BCECF-AM [2=7=-bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein]. BCECF accumulates in yeast vacuoles, and excitation spectra are sensitive to pH (22) . pH i measurement was performed by collecting the ratio of fluorescence at two excitation wavelengths (450 and 490 nm) and measuring at a single emission wavelength (535 nm) using protocols described elsewhere (23) .
ATP measurement. Cellular ATP levels were measured as previously described (24) . Briefly, cells were grown in 50 ml of YNB buffered with 50 mM MES (morpholineethanesulfonic acid) (pH 4 and pH 7) for 16 h with constant agitation of 150 rpm at 37°C. The cultures were centrifuged at 3,000 rpm for 10 min to collect the pellet and washed once with PBS. The cells were counted using a hemocytometer, and a pellet of a similar number of cells was suspended in 1 ml of 50 mM HEPES (pH 7). The cells were further disrupted with a bead-beater (Biospec Products) using prewashed 0.5-mm zirconia beads. Disrupted samples were centrifuged at 8,000 rpm at 4°C for 10 min. The ATP concentrations of supernatants were determined using an ATP bioluminescence assay kit (Sigma-Aldrich, St. Louis, MO). ATP concentrations were normalized with total protein concentrations for each sample. The mean measurements for triplicate samples were reported.
Chronological and replicative life spans. The chronological life span (CLS) was determined by adaptation of Saccharomyces cerevisiae methods (25) with some modifications. Briefly, equal numbers of C. neoformans cells were grown in YNB medium with or without 2% dextrose for 3 days at 37°C until they reached stationary phase. The cells were then transferred to sterile-distilled H 2 O, and the number of viable cells was measured by plating appropriate dilutions every 2 to 3 days on Sabouraud dextrose agar (SDA) plates. CFU on the plates were quantitated at 48 h, and the study was terminated when 99% of the cells were dead. All measurements were performed in triplicates.
The replicative life span (RLS) was determined by microdissection using a tetrad dissection Axioscope A1 microscope (Zeiss) as described previously in S. cerevisiae (26) with some modifications for C. neoformans. Briefly, the first buds of C. neoformans cells (n ϭ 20 to 40) were arrayed on a YPD agar plate maintained at 37°C and then evaluated every 1 to 2 h by separating newly arising buds using a 50-m fiber optic needle (Cora Styles). The RLS of each cell was calculated by determining the sum of the total buds until the cessation of divisions.
Statistical analysis. Statistical analysis, including Student's t test, Wilcoxon rank sum test, and log-rank test, was performed using Microsoft Excel 2011 and GraphPad Prism 6.0 for Macintosh.
Microarray data accession number. Microarray data for the mutant and the wt were uploaded to the GEO database and assigned GEO accession no. GSE74219.
RESULTS
Identification of ALL2 and generation of all2⌬ and all1⌬ all2⌬ mutants. The ALL2 gene is highly conserved among C. neoformans var. neoformans and var. grubii, as well as C. gattii, strains (Fig. 1A) . Comparison of All1p and All2p amino acid sequences revealed that they are highly homologous (77% similarity and 61% identity) (Fig. 1B) . Homology in the N-terminal part of the protein (176 amino acids [aa]) was 85%, whereas homology in the C-terminal part was only 35% (58 aa). Extensive searches for putative conserved domains or protein motifs using standard motif search programs detected no conserved domains or motifs. Both All1p and All2p exhibit homology (33 to 38%) only with hypothetical proteins in Malassezia sp. and other nonencapsulated plant-pathogenic fungi, such as Sterenum hirsutum and Rhodosporidium toruloides. No homology with proteins of any humanpathogenic fungi was found (see Fig. S1 in the supplemental material). The all2⌬ null mutant was generated in the C. neoformans RC2 (serotype D) strain by replacing the coding region of ALL2 (RC2, 926 bp) with a neomycin resistance marker (NEO) of 2,098 bp using biolistic transformation. Successful homologous recombination was confirmed by PCR (see Fig. S2 in the supplemental material) and real-time PCR (see Table S3 in the supplemental material). The double mutant strain (all1⌬ all2⌬) was also generated in RC2 using the previously generated all1⌬ mutant strain (7) as the background strain.
Characterization of disruption mutants. Phenotypic characteristics of the null all2⌬ mutant, the all1⌬ all2⌬ double mutant, and the reconstituted all2⌬ϩP ACT1 -ALL2 strain are summarized in Table 1 . Baseline capsule size and capsule induction were not affected by loss of ALL2 either in vitro or in vivo. Measurement of the biophysical properties of shed exo-PS demonstrated that exo-PS from the RC2-all2⌬ mutant was less viscous than exo-PS from the RC2-wt and the reconstituted strain ( Fig. 2A) . To quantify shed exo-PS, a phenol-sulfuric colorimetric assay, which quantifies glucuronic acid residues, was used. This experiment showed that RC2-all2⌬ cells shed more exo-PS per cell than the wild type (Table 1) . Furthermore, RC2-all2⌬ cells have no growth defect at neutral pH and display normal melanin production. Mutant cells exhibit comparable sensitivity to lysing enzyme and various high salt concentrations (data not shown). However, all2⌬ mutant cells exhibit increased sensitivity to oxidative stress. In the presence of hydrogen peroxide (H 2 O 2 ), RC2-all2⌬ cells demonstrated a larger zone of inhibition in disc diffusion assays than the wild-type cells (65 versus 57 mm). This defect was resolved with gene reconstitution in RC2-all2⌬ϩP ACT1 -ALL2 (58 mm) ( Table  1) . Consistent with this finding, incubation of mutant cells (all2⌬ and all1⌬ all2⌬) with 5 mM H 2 O 2 for 3 h resulted in significantly enhanced killing (P Ͻ 0.001) compared to that seen with the wild type and the reconstituted strain ( Fig. 2B and C) . Macrophagemediated killing assays showed significantly enhanced (P Ͻ 0.001) killing of RC2-all2⌬ cells compared to cells of the wild type and the reconstituted strains (Fig. 2D) . Further, antibody-mediated phagocytosis was enhanced (P ϭ 0.042) for the all2⌬ mutant (Fig. 2E) . Notably, an all2⌬ mutation was also generated in the standard laboratory strain H99, a serotype A strain and also a clinical isolate. The phenotype of the mutant in H99 was similar with respect to viscosity and H 2 O 2 sensitivity but not macrophage-mediated phagocytosis (see Table S4 in the supplemental material).
Loss of ALL2 results in attenuated virulence in pulmonary cryptococcosis but not in CME. Next, virulence of all2⌬ mutants in pulmonary and i.v. murine infection models was compared to that of wild-type and reconstituted strains. Mice infected i.t. with an inoculum of 5 ϫ 10 4 RC2-all2⌬ cells survived significantly longer (P Ͻ 0.001) than those infected with the wild-type strain (Fig. 3A) , which was consistent with the enhanced macrophage-mediated killing and phagocytosis observed in vitro ( Fig. 2D and E) . Consistent with the unaltered growth of the mutants, comparable fungal burden was detected in the lung at 7 days postinfection, but then decreased CFU levels were found at 14 days postinfection in the mutant cells (log 5.3 Ϯ 1.9, 3.1 Ϯ 0.6, and 4.9 Ϯ 1.3 for RC2-, RC2-all2⌬-, and RC2-all2⌬ϩP ACT1 -ALL2-infected mice, respectively, P Ͻ 0.05) (Fig. 3B) , which is consistent with their enhanced clearance from the lungs. In contrast, virulence in the i.v. infection model for the all2⌬ strain was comparable to that for the wild-type and the reconstituted strains (Fig. 3C) . The all1⌬ all2⌬ double mutant was hypovirulent in both infection models (Fig. 3D) .
Histopathology analysis of RC2-all2⌬-infected lung tissues at 14 days revealed decreased numbers of cryptococcal cells and pronounced recruitment of inflammatory cells in the lung tissue compared to results for the wild-type-infected lung tissues (Fig.  3E) . This is consistent with a more effective host response, which results in enhanced clearance and thus explains the lower fungal burden at day 14. In summary, these findings confirm that ALL2 is a virulence-associated gene and that its loss can alter the pathogenesis of pulmonary cryptococcal infection.
The ALL2-fluorescent fusion protein localizes to the cytoplasm and vacuoles. Next, we sought to investigate whether All1p and All2p proteins colocalize, since both the ALL1 and the ALL2 transcripts are coregulated (9) . For these studies, ALL2 was fused with C. neoformans codon-optimized mCherry under an ACT1 promoter (ALL2-mCherry). The ALL2-mCherry was transformed in cells expressing ALL1 with a hemagglutinin (HA) tag under its native promoter (ALL1::HA). ALL1::HA was detected using antibodies against HA that were conjugated to Alexa Fluor 594 (green). Immunofluorescence staining revealed that All1p and All2p fusion proteins colocalize in the cytoplasm (Fig. 4A) , and the protein location was found to be unaffected at multiple time points of cell growth (data not shown). However, protein expression ALL2 is highly expressed under stress conditions, and its loss affects the expression of genes involved in multiple pathways of transport. Review of published transcriptional profiles of Sp1⌬ under glucose starvation documented upregulation of ALL2 in addition to ALL1 (9) . Quantification of ALL2 expression by RT-PCR in cells grown for 3 h in asparagine stress media and then transferred to yeast nitrogen base media under glucose (Fig. 5A) or asparagine (Fig. 5B ) starvation confirmed elevated expression of ALL2 in both stress conditions. Comparison of transcriptomes from RC2-all2⌬ and RC2-wt cells grown in minimal media documented downregulation of 20 genes and upregulation of 263 genes in RC2-all2⌬ cells (Table 2 ; see also Fig. S4 in the supplemental material). Downregulated genes included a hypothetical protein involved in carbohydrate transport and metabolism (CNE05330, 7.6-fold), a D-galactonate transporter (CNE05340, 4.1-fold), and a cluster of proteins that have in common a domain for 5-oxoprolinase (CNE05320, 2.1-fold; CNE05310, 2.5-fold). The 5-oxoprolinase (EC 3.5.2.9) enzyme is ATP dependent and is involved in glutathione metabolism to synthesize L-glutamate from 5-oxoproline.
Interestingly, the most abundant upregulated gene was a plasma membrane H ϩ -ATPase 1 (CNN01260, 9-fold). Other genes upregulated in the mutant were involved in multiple amino acid biosynthesis pathways: aminoacyl-tRNA biosynthesis (CNF00070, CND06300, CNM01290, CNG01310, and CNB05640), valine, leucine, and isoleucine biosynthesis (CNA02070), and purine (CNK02180, CNN00440), glutamate (CNJ02910), and glutathione (CNN00350 and CNG01150) metabolism (Table 2 ). Differential expression of the plasma membrane H ϩ -ATPase (CNN01260) and other highly regulated genes was further confirmed by RT-PCR (Fig. 5C) . Importantly, the loss of ALL2 or ALL1 did not result in increased expression of the respective homologous genes. Transcriptomes of all1⌬ all2⌬ and all1⌬ mutants grown in minimal media were also compared with that of the all2⌬ mutant. An overlap of genes was noted only with all1⌬ all2⌬ cells but not with all1⌬ cells (GEO accession number GSE74219). This further supported our conclusion that ALL1 and ALL2 have distinct functions. Lastly, gene ontology (GO) analysis of differentially expressed genes in the all2⌬ mutant under starvation conditions was consistent with the above findings. This analysis identified specific GO categories, namely, those related to transport, nucleotide binding, transmembrane transport, and catalytic activity among others (Table 3) .
Intracellular pH, ATP levels, and chronological aging are altered in the all2⌬ mutant. The main intracellular pH (pH i ) regulator in all eukaryotic cells is the plasma membrane H ϩ -ATPase pump (27) . To measure vacuolar pH, yeast cells were stained with a pH-sensitive fluorophore, BCECF-AM. Vacuole-specific labeling was confirmed by microscopy ( Fig. 6A) , and calibration curves were generated (Fig. 6B ) using the ratio of fluorescence intensity from excitation at 450 to 490 nm (both measured at an emission wavelength of 535 nm) at variable pHs. We measured pH i of yeast cells grown in YNB supplemented with 2 or 0.2% glucose at medium pH 4 or 7. The pH i were comparable in cells grown at pH 7 under both conditions (Fig. 6C) . However, in cells grown at an acidic pH, the mutant was not capable of maintaining intracellular pH compared to the wild type and the reconstituted strains. As a result, the pH i of RC2-all2⌬ was significantly more acidic than that of the wild type (Fig. 6D) . Next, we investigated the actual function of the plasma membrane H ϩ -ATPase 1 (CNN01260) in the all2⌬ mutant under different pH conditions. The primary function of ATP synthase in most organisms is ATP synthesis (28) . This enzyme is part of complex V ATP synthase in the oxidative phosphorylation pathway in C. neoformans. Accordingly, we quantified ATP cellular levels in RC2-all2⌬ cells using an ATP bioluminescence assay kit (Sigma-Aldrich, St. Louis, Fig. 6E ) and produced comparable levels of ATP at pH 7 (Fig. 6E) . Finally, chronological life span (CLS) was assessed in the mutant and compared to that in the wild type because the CLS, which is a resilience trait of yeast strains and measures their viability under no nutrition, was predicted to shorten in the setting of impaired intracellular pH regulation. Consistent with this hypothesis, we found a significantly shortened CLS in the RC2-all2⌬ strain compared to that in the wild type (8 days versus 14 days, P ϭ 0.01, Fig. 6F ). It is noteworthy that the replicative life spans of the mutant and the wild type, which measures the reproductive ability as opposed to the viability of the cell, were comparable under 2% glucose and not 0.05% glucose. Under low-glucose conditions, the RC2-all2⌬ cells had a significantly shortened RLS compared to that of the wild-type cells (21 versus 28 generations, P ϭ 0.02).
DISCUSSION
In this study, we report the role of a novel virulence-associated gene named ALL2, which is coregulated with a highly homologous gene, ALL1, during the process of phenotypic switching of C. neoformans to a hypervirulent mucoid variant.
ALL2p is highly homologous (77% similarity and 61% identity) to the previously described gene ALL1p (7) and is also regulated by the same transcriptional regulator, Sp1 and gene PKC1 (9) , both of which are activated under stress. Our data demonstrate, however, that the functions of the two genes are mostly distinct, although both mutants exhibit enhanced exopolysaccharide secretion. The effects of gene loss on virulence and exo-PS viscosity are contrasting. It is conceivable that these two genes may strains grown for 14 days in minimal medium. Shed capsular polysaccharide of the all2⌬ mutant was less viscous. The all2⌬ mutant had increased sensitivity to H 2 O 2 in vitro, as documented by incubating 10 5 or 10 6 RC2-wt, RC2-all2⌬, and RC2-all2⌬ϩP ACT1 -ALL2 cells in DMEM with 5 mM H 2 O 2 for 3 h and quantification of the percent survival (B) and by spotting 5 l on YPD agar (C). (D) Killing assays were performed by lysing murine macrophages 3 h or 6 h after coincubation and plating the CFU. all2⌬ cells were more sensitive to macrophage killing, consistent with their increased sensitivity to H 2 O 2 in vitro. (E) The phagocytosis index determined at 2 h after coincubation was significantly higher in macrophages incubated with RC2-all2⌬ cells than in macrophages coincubated with RC2-wt or RC2-all2⌬ϩP ACT1 -ALL2 cells. Intracellular phagocytosis index was calculated by visually counting cells on a microscope. All experiments were performed in triplicates. An asterisk denotes a P value of Յ0.05. be paralogs, or duplicated genes that over time have come to be different in sequence composition and function.
Loss of ALL1 leads to hypervirulence and early death, whereas the loss of ALL2 leads to hypovirulence and prolonged survival. Interestingly, hypovirulence is observed in the pulmonary infection model only and not in the i.v. infection model. In the latter model, dissemination across the blood-brain barrier occurs immediately, whereas in the i.t. model, fungal infection is initially controlled by alveolar macrophages, and dissemination to the brain occurs secondarily, usually after 1 to 2 weeks. Mice infected with all2⌬ cells eventually exhibited lower CFU in lung tissue, consistent with their impaired resilience in the host environment. Similar results were demonstrated in mice infected with all1⌬ all2⌬ yeast cells, which also lived longer, albeit their mortality was more rapid. This was not expected from partial suppression of all2⌬ by all1⌬ since their expression levels remain unchanged based on the microarray data.
C. neoformans is a facultative intracellular pathogen (29, 30) that has developed mechanisms to counteract the stress it encounters inside macrophages. Experiments in murine infection models suggest that the outcome of cryptococcal infection correlates with the ability of alveolar macrophages to control intracellular fungal replication (30) (31) (32) . A higher budding index for intracellularly located than for extracellularly located C. neoformans has been described in murine pulmonary infection (29) , supporting the notion that this niche is important in pathogenesis, as it permits fungal growth. Also, murine alveolar macrophages appear to have less killing efficacy than rat macrophages and therefore support enhanced intracellular replication (32) . Recent experiments support the concept that human and murine macrophages exhibit comparable efficacies with respect to supporting C. neoformans growth (33) . Furthermore, two independent investigations with clinical C. neoformans strains derived from different patient cohorts with CME, although their conclusions differed slightly, sup- 4 cells i.t. had comparable lung fungal burdens of log 3.9 Ϯ 1.4, 3.2 Ϯ 1.2, and 4.1 Ϯ 0.8 for RC2-wt, RC2-all2⌬, and RC2-all2⌬ϩP ACT1 -ALL2 strain-infected mice, respectively, at 7 days postinfection. However, consistent with the survival difference, RC2-all2⌬ strains had a lower lung fungal burden at 14 days postinfection (log 5.3 Ϯ 1.9, 3.1 Ϯ 0.6, and 4.9 Ϯ 1.3 for wild-type, all2⌬, and all2⌬ϩP ACT1 -ALL2 strain-infected mice, respectively [P ϭ 0.04]). (C) No difference in survival was noted in an i.v. infection model between the wild-type and RC2-all2⌬ mutant strains. (D) The double mutant (RC2-all1⌬all2⌬) was hypovirulent in both the i.t. and i.v. models. (E) Histopathology of lungs stained with hematoxylin and eosin (H&E) and infected with 10 4 cells was examined. On day 14, lung histology revealed that RC2-all2⌬-infected mice had a more pronounced host response, resulting in enhanced clearance of lung fungal burden compared to wild-type-and reconstituted strain-infected mice. Lower numbers of yeast cells and more inflammatory cells were observed in the alveolar spaces of RC2-all2⌬ infected mice than for wild-type-and RC2-all2⌬ϩP ACT1 -ALL2-infected mice. An asterisk denotes a P value of Յ0.05. Similarly to the antimicrobial activity against other microorganisms, reactive oxygen species are key mediators of the anticryptococcal activity of macrophages and neutrophils (35) (36) (37) (38) (39) . Iron catalyzes the generation of hydroxyl radicals from oxidant precursors, such as superoxide anions and hydrogen peroxide (40) . Gene ontology analysis of differentially expressed genes has shown that adaptation of C. neoformans to H 2 O 2 treatment is distinct from the response of other fungal organisms to oxidative stress (41) . One reason for this is that C. neoformans is encapsulated and both the size and the biophysical properties of the exo-PS of C. neoformans affect its resistance to oxidative stress (13, 17) . Our results now demonstrate that the exo-PS of all2⌬ cells is augmented and has altered biophysical properties, namely, decreased viscosity compared to the exo-PS of the wild type. In contrast to this, the loss of ALL1 resulted in the secretion of a hyperviscous exo-PS and manifestation of a hypervirulent phenotype in murine models (12) . The ALL2 mutant exhibits no significant growth defects in rich or nutrient-limiting media. Hence, we propose that the hypovirulence observed in pulmonary, but not in i.v., infection stems from an altered resistance to host response and from pH rather than nutrient differences in the two infection sites. The inability of all2⌬ cells to buffer the low pH inside alveolar macrophages likely contributes to the loss of yeast cell viability in the intracellular niche. A slightly slower growth at lower pH supports this concept.
Although both ALL1 and ALL2 transcripts are expressed during logarithmic growth in vitro (9), they achieve maximal expression under starvation in the stationary growth phase. Localization studies with labeled protein constructs revealed some colocalization of All2p with All1p in the cytoplasm, although they did not accumulate in vacuoles as described for the membrane transporter CTR1 (42) and the copper transporter CTR4 (21) . It appears that mCherry has a tendency to accumulate in vacuoles after degradation (21) , and our interpretation is that vacuolar localization of All2p is not specific. This could indicate that All2p undergoes a significant level of degradation as previously reported for H ϩ -ATPase in S. cerevisiae (43) and ctr4-ctr5 in Schizosaccharomyces pombe (44) . Despite coexpression and, most importantly, coregulation by the same transcription factors, our data suggest distinct functions of ALL2 and ALL1 except for the fact that both mutants exhibit augmented exo-PS shedding. Also, respective GO analysis of the mutants identified regulated genes in the transmembrane transport category. In support of these conclusions, no change in the expression levels in either mutant to compensate for the loss of the other gene was observed. Also, efforts to coprecipitate the two proteins were not successful (data not shown).
Transcriptome comparison of all2⌬ and wild-type cells revealed differential expression of multiple transporters and nucleotide binding proteins, with significant downregulation of 5-oxoprolinase and the highest upregulation of a plasma membrane, H ϩ -ATPase. 5-Oxoprolinase is an enzyme involved in the gamma-glutamyl cycle for glutathione metabolism and catalyzes the cleavage of 5-oxoproline to form L-glutamate in a reaction coupled to the hydrolysis of ATP to ADP and inorganic phosphate (28) . Glutathione metabolism is crucial for amino acid transport in vitro, as well as in vivo (45) ; however, in S. cerevisiae, deletion of 5-oxoprolinase results in the accumulation of 5-oxoproline (46) . The protein localizes to the cytoplasm and an abundant increase in response to stress is observed.
Plasma membrane H ϩ -ATPase, CNM01260, encodes a protein that has a high homology to an isoform of Pma1p, a plasma membrane H ϩ -ATPase that is involved in pumping protons out of the cell. This enzyme is a regulator of intracellular pH and maintains the electrochemical proton gradient necessary for nutrient uptake. GO analysis indicates that this gene is associated with several processes, including ATP catabolic and biosynthesis process, cation transport, nucleotide binding, ATP binding, hydrolase activity, and ATPase activity. The gene is an integral component of the plasma membrane (http://www.ebi.ac.uk/Quick GO/GProtein?acϭF5HCX1). Mutations in PMA1 that encode H ϩ -ATPase of S. cerevisiae lead to decreased levels of ATPase, which has been correlated with decreased proton efflux and decreased uptake of amino acids (47) . How exactly All2p and Pma1 interact remains to be determined. Our data indicate that upregulation of H ϩ -ATPase gene expression in the all2⌬ mutant does not compensate for the loss of PMA1 because the mutant still exhibited low ATP production and was inefficient in maintaining intracellular pH in acidic conditions. Maintaining intracellular pH is crucial under starvation conditions in the phagosome because, in contrast to Candida albicans and Candida glabrata (48, 49) , C. neoformans does not interfere with phagosome maturation. Thus, the C. neoformans containing phagosome undergoes acidification through fusion with lysosomes, and C. neoformans needs to buffer pH to grow inside the mature acidic vacuole (50, 51) . Of note is that although PMA1 is abundant among fungi, All2p has homologues only in basidiomycetes that prefer plants as their host.
Interestingly, no significant regulation of ALL2 was observed in C. neoformans currently implicated in pH homeostasis. For instance, Rim101 is a conserved pH-responsive transcription factor that allows the microorganism to respond to pH changes (16) . However, neither All2 nor Rim101 appears to be significantly reg- m). (B) Calibration curves were generated using ratio of fluorescence intensity from excitation at 450 to 490 nm (both measured at an emission wavelength of 535 nm) at varied pH. The pH i were comparable in cells grown at pH 7 (C) and found to be significantly different between RC2-wt and RC2-all2⌬ cells when grown in acidic pH conditions (D). (E) RC2-all2⌬ mutant cells exhibited significantly less ATP production per g of protein than RC2-wt cells at pH 4 but comparable levels at pH 7. (F) The CLS of RC2-wt cells was significantly longer than the CLS of all2⌬ cells (14 versus 8 days, P Ͻ 0.001), as measured by survival in water. An asterisk denotes a P value of Յ0.05.
ulated by the other in respective transcriptome studies (16) . In a more recent study, Rim101 was shown to share downstream targets with Pka1, and not surprisingly, ALL2 was found to be upregulated in the pka1⌬ mutant (52) . Impaired ability to maintain proper intracellular pH also explains the significantly shortened chronological life span of the mutants compared to that of the wild type. In S. cerevisiae, chronological aging has been shown to result in an acidic intracellular environment (25) , and the inability of the mutants to neutralize pH results in a shortened chronological life span but has no effect on the replicative life span. C. neoformans is acquired by inhaling spores from the environment. Most clinical manifestations of infections represent reactivation of latent disease (53) . The intracellular environment of macrophages in small granulomas is likely the site where the fungus survives nonreplicating for decades, similar to the pathogenesis of latent tuberculosis. Chronological aging is a distinct trait of resilience as it measures the ability of a fungus to survive in a nonreplicating state. Although this trait has not been studied with respect to pathogenesis, we propose that this form of resilience is critical for the establishment of latency of cryptococcal infection.
It has been reported previously that the overexpression of H ϩ -ATPase is compensated by the downregulation of H ϩ -ATPase activity in vivo (54) and does not always enhance growth (55) . In S. cerevisiae, PTK2 and HRK1 genes encode protein kinases that have been identified to activate yeast plasma membrane production in response to glucose activation (56) . Of note, ALL1 and ALL2 are regulated by the protein kinase Pkc1 signaling pathway (9) . In contrast to the plasma membrane H ϩ -ATPase of S. cerevisiae, which is upregulated by glucose (57), ALL1 and ALL2 are upregulated in the setting of low glucose levels.
In summary, we conclude that the attenuated virulence of the all2⌬ mutant in the pulmonary infection model may result from the mutant's inefficiency to maintain intracellular pH in an acidic phagosome environment. The all2⌬ mutant has no dramatic growth defect but produces significantly lower levels of ATP than the wild type, which affect the energetic state of the all2⌬ mutant in vivo. We reason that this changes its resilience and the outcome of infection, similarly to Leishmania donovani, where intracellular ATP levels correlate with parasite proliferation (58) .
We propose that ALL2 should be considered a target for antifungal drug discovery and further studied. Our studies highlight the uniqueness of C. neoformans, one of the few basidiomycetes that have evolved to be a successful human fungal pathogen. Specifically, these data show that its unique ability to escape host response and survive in the intracellular niche relies on genes, such as ALL2, that are unique to this fungus and contribute to its exceptional resilience.
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